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Abstract
As a conservation measure to protect European whitefish in Scotland, a translocated popu-
lation was established in Loch Sloy from Loch Lomond stock between 1988 and 1990. 
Previous study has assumed that current morphological differences between adults from 
the donor and refuge lakes have arisen through phenotypic plasticity. The present study 
compared the morphologies of whitefish at three life stages: alevins and fry raised in a 
common garden, and wild-caught adults. Alevins were clearly distinguishable by their lake 
of origin. Loch Sloy alevins were distinguishable also by family, although this was not 
the case for Loch Lomond. Differential allometric trajectories facilitated the persistence of 
morphological differences associated with lake of origin through the fry stage into adult-
hood. Overall, the whitefish from Loch Lomond displayed morphologies associated with 
pelagic feeders, while the more robust heads and ventrally positioned snouts of the Loch 
Sloy whitefish conformed to expectations for more benthic feeding habits. That differences 
between populations were present not only in wild adults, but also in alevins and fry from a 
common garden setup, strongly suggests that the divergence between populations is due to 
inheritance mechanisms, rather than differential plastic responses, and questions the effec-
tiveness of translocation as a conservation measure.
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Introduction
Intraspecific phenotypic variation is a common feature of fishes of the fragmented, het-
erogeneous environments of lakes in regions that were recently glaciated (Carvalho 1993; 
Klemetsen 2013), where, generally, species diversity is low, resulting in opportunities to 
exploit alternative foraging resources (Gíslason et al. 1999). Such lakes are young and often 
geologically isolated, with attendant low dispersal of freshwater fishes. This creates condi-
tions enabling intraspecific trophic specialisation and diversification of the few species to 
have colonised such systems successfully (Schluter 2000). Occurring with relative rapidity 
(Bernatchez and Wilson 1998), differential resource use, typically across alternative littoral 
(benthic) and pelagic habitats, is considered to be a driving force behind the diversification 
in morphology of a number of fish species (Smith and Skúlason 1996; Vonlanthen et al. 
2009; McPhee et al. 2012). Disruptive selection may promote and maintain intraspecific 
phenotypic structuring expressed as specialists in alternative foraging strategies, growth 
rates, or spawning times or habitats, with different morphological features (Adams et al. 
2016; Brown and Scott 1994; Vonlanthen et al. 2009). This may occur particularly in het-
erogeneous environments, when alternative morphologies confer greater fitness advantages 
upon trophic specialists than an intermediate might do (Draghi and Whitlock 2012; Fusco 
and Minelli 2010). When such specialisms result in reproductive isolation, intraspecific 
divergence may become firmly established (Schluter 2009).
Phenotypic plasticity, the capacity of a given genotype to express alternate phenotypes 
in response to different environmental conditions, has been proposed as a medium through 
which adaptive divergence of phenotype across alternative ecological niches may occur 
(West-Eberhard 1989; vide Levis and Pfennig 2016 for recent review). Adaptive plasticity 
in morphology has been shown to occur in a number of fish species from recently gla-
ciated lake systems (vide Robinson and Parsons 2002 for review). It has been suggested 
that by broadening the range of expressed intraspecific phenotypes, plasticity can influ-
ence both the direction and the rate of evolution, and thereby shape a species’ future 
responses to selective pressures (West-Eberhard 1989; Price et al. 2003). Plasticity may, in 
some instances, constrain genetic change by insulating the genotype from natural selection 
(Hendry 2016), and, depending on the environments, it can just as easily make divergent 
phenotypes more similar as it can drive them further apart (Ghalambor et al. 2007). But, 
by enabling phenotypes more closely to match local environmental conditions, plasticity 
may play a substantial role in a species’ success at adapting to a changing environment or 
colonising novel habitats (Parsons and Robinson 2006; Januszkiewicz and Robinson 2007). 
Thus, it is argued that plasticity may play a critical role in facilitating incipient ecological 
speciation (e.g. Adams and Huntingford 2004; Nosil 2012).
Diversity of phenotype may also be achieved with rapidity by other mechanisms. 
Disruptive selection can act upon the natural variation of phenotypic traits and lead to 
the differential fixation of the underlying alleles (Schluter 2009). The extent of genetic 
variation with which natural selection has to work may influence the direction of pheno-
typic change, and founder effects, in which only a subset of the genetic variation of the 
ancestral population is found in a colonising population, are well documented (Matute 
2013). Instead of adaptive evolution by natural selection, neutral genetic drift commonly 
accompanies founder events, and can lead to divergent phenotypes between ancestral 
and colonising populations (Matute 2013). Differences in transgenerational parental and 
epigenetic effects, such as gamete provisioning or the regulation of gene expression may 
provide means by which disruptive selection might consummate divergence between 
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related populations (Räsänen and Kruuk 2007; True et al. 2004; Wiegand et al. 2007). 
Such effects can be adaptive, and through inheritance, perpetuate parents’ phenotypic 
traits advantageous to a particular environment to their offspring (Heard and Martiens-
sen 2014).
The European whitefish, Coregonus lavaretus (L.), is one of the rarest freshwater fish 
species in the UK, native to only seven lakes across England, Scotland and Wales. These 
seven populations show some degree of genetic and morphological differentiation between 
each other (Beaumont et al. 1995; Hartley 1995; Etheridge et al. 2012). The population in 
Loch Lomond, one of only two lakes in Scotland to hold native populations of whitefish, 
became increasingly threatened over the past century and a half by anthropogenic distur-
bances from several large engineering works (water-supply and hydro-electric schemes on 
inflows and outflows, with direct consequences for water levels in the lake), pollution, and 
high leisure use (Maitland and Lyle 2013). From the 1980s the invasive ruffe, Gymnoceph-
alus cernuus, appeared in the lake and has since become abundant (Adams and Maitland 
1998); it is a major consumer of whitefish ova in Loch Lomond (Adams and Tippett 1991). 
As a conservation measure, between 1988 and 1990 a refuge population was established at 
nearby Loch Sloy, in which ruffe remain absent, with the translocation of 12,227 fry from 
a mixed batch of parents originating from Loch Lomond plus a further 85 adults (Maitland 
and Lyle 2013) with care taken to preserve allelic richness (Thompson et al. 2008). Sub-
sequent work has demonstrated that the translocated population became established and is 
now flourishing (Adams et al. 2014) after five or six generations (Brown et al. 1991).
A comparative study of the whitefish populations from Lochs Lomond and Sloy showed 
clear morphological divergence of the refuge from the donor population (Etheridge et al. 
2010). That study examined only adults, caught in winter 2005/2006, and found they dif-
fered significantly in head shape: the Loch Sloy population exhibited shallower heads, 
more elongated snouts and mouths, and more posteriorly positioned eyes than did the 
Loch Lomond population. The underlying process leading to differing morphologies was 
unknown, but the authors suggested, as possibilities, either phenotypic plasticity, genetic 
change resulting from differential selection, or a combination of both (Etheridge et  al. 
2010). Phenotypic plasticity is supported by the fact that coregonid species have been 
shown to exhibit high levels of phenotypic plasticity (Lundsgaard-Hansen et al. 2013), and 
that plastic effects have been described in other fish translocations (e.g. Lema and Nevitt 
2006). Individuals with high capacities for plasticity may be better prepared than those 
with lower capacities to exploit a broader range of niches if they overlap with their reaction 
norms (i.e. their ranges of plastic phenotypes) (Schneider and Meyer 2017). So, it may be 
that survivors of translocations are those with the highest capacity for plasticity and, thus, 
most able to adapt in a new environment (Parsons and Robinson 2006). However, there is 
evidence that plasticity capacity may be diminished through genetic assimilation (Parsons 
et al. 2011), which might be expected in an established population (Pfennig et al. 2010). 
Etheridge et  al. (2010) tested for neither plasticity nor genetic divergence, but since the 
donor population in Loch Lomond had been long-established, and candidates for relocation 
to Loch Sloy were not chosen for their capacity for plasticity (Maitland and Lyle 2013), it 
seems at least equally likely that morphological divergence has some selective genetic or 
epigenetic basis. The environments of the donor and refuge lakes show some differences 
in bathymetric characteristics, such as depth and surface area, both of which are greater in 
Loch Lomond than Loch Sloy. Proportions of pelagic (greater in Loch Lomond) and lit-
toral zones (greater in Loch Sloy) are factors that have been strongly associated with popu-
lation level eco-morphological traits and variability in postglacial fishes (Recknagel et al. 
2017), either through plastic response or heritable genetic or epigenetic changes.
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The aim of the present study was to examine the proximate origin of the morphologi-
cal divergence that has previously been reported between the whitefish populations of 
Lochs Lomond and Sloy. Specifically, we aimed to test whether the morphological dif-
ferences between adult fish in the donor (Loch Lomond) and refuge (Loch Sloy) popula-
tions are the result of plasticity or genetic change through differential selection using 
a common-garden experiment. Shape and allometric slope differences were compared 
between populations derived from the two lakes at three life stages. Following the life-
stage terminology of Thorstad et al. (2011), alevins (the stage post-hatch but pre-feed-
ing) and fry (the stage from first exogenous feeding but before the end of the first growth 
season) were raised from eggs in the laboratory; adults (above the age of expected sex-
ual maturity) were caught in the wild. To examine whether differences between fish in 
the donor and refuge populations in the wild are the result of genetic change between 
populations, this study tests the hypothesis: that the morphology of the newly hatched 
and unfed alevins and fed fry, reared in a common environment, will differ by lake of 
origin.
Materials and methods
Study sites
Both study sites are in Scotland, UK. Loch Lomond (56°05′N; 04°36′W) has a surface 
area of 71 km2 and a maximum depth of 190 m. Loch Lomond’s three basins are well 
connected and whitefish within show only weak intraspecific structuring (Adams et al. 
2016). Loch Sloy (56°16′N; 04°47′W) lies to the northwest of Loch Lomond and is part 
of the Lomond catchment. Enlarged by damming as part of a hydroelectric scheme, it 
now covers about 1 km2 to a maximum depth of 40 m. The whitefish population in Loch 
Sloy is completely isolated from that of Loch Lomond by the dam and turbines, with no 
possibility of interlacustrine migration.
Sample collection: adults for morphometrics
Three benthic (1.5  m × 30  m) and one pelagic (6  m × 30  m) Nordic-pattern monofil-
ament gill nets with 12 panels of 5–55  mm mesh size (Appleberg et  al. 1995) were 
deployed overnight in the central basin of Loch Lomond, in locations where individuals 
forming the original donor population had also been collected (Lyle pers. comm.), from 
24th to 25th August 2017, and off the southwestern bank of Loch Sloy from 9th to 10th 
October 2017. Care was taken to ensure similarity of habitats sampled between the two 
lakes to avoid inadvertent sampling of divergent phenotypes (see supplementary mate-
rial). Eight adult whitefish were captured in Loch Lomond and 17 from Loch Sloy. The 
fish were photographed individually, in the same orientation, with their left sides facing 
upwards, on a measuring board using a Canon EOS 35D dSLR camera with a Canon 
EF-S 18–55 mm f/3.5–5.6 Zoom lens on a Manfrotto tripod. Additionally, photographs 
of 80 whitefish from Loch Lomond and 22 from Loch Sloy, captured between 2008 and 
2010, were drawn from a previous study (Adams et al. 2016).
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Sample collection: eggs for common garden
Four benthic gill nets measuring 1.5 m × 30 m with a 38 mm single mesh size were used 
to capture adult whitefish on spawning grounds at locations in Loch Lomond overnight 
from 15th to 16th January 2018 and in Loch Sloy, overnight from 11th to 12th January 
2018 (spawning season). Twenty adults were taken from Loch Lomond, and 18 from 
Loch Sloy. From Loch Lomond, the eggs of four ovulating females were fertilised by 
five males, giving three full-sibling and two half-sibling groups. Five ovulating females 
from Loch Sloy were stripped of their eggs by flank massage and fertilised with milt 
from six males at the capture site to give four full families and two half-sibling groups. 
Because whitefish are a protected species of high conservation value in Scotland, sam-
ple sizes were kept deliberately low; eggs not used in this study were given to a local 
conservation programme (Loch Lomond Fisheries Trust 2018). Females whose body 
shapes were distorted due to ovulation were not photographed, but 16 other adult fish 
from Loch Lomond and 13 from Loch Sloy were photographed as above and included in 
the analysis.
Husbandry
Eggs from each family were transported to the Scottish Centre for Ecology and the 
Natural Environment, University of Glasgow, and incubated in a temperature-controlled 
recirculation unit. Adapted from the design of Rottman and Shiremann (1988), the unit 
consisted of round-bottomed plastic bottles (ca. 500 ml) with a constant flow of water 
from a header tank that was refilled by pumping from a sump tank. The water was from 
Loch Lomond and was maintained at 4–5 °C; the current in the incubation flasks was 
just strong enough to keep all eggs in motion.
Hatching occurred between 14th March and 11th April 2018. Alevins were placed 
by family into identical glass aquaria measuring 35  cm × 30  cm × 30  cm with a flow-
through system using water pumped directly from Loch Lomond at ambient tempera-
tures and exposed to a daily photoperiod of 10 h light. As natal yolk was depleted and 
the developing fry (from the same cohort as the sampled alevins, but at a later stage 
of development) began exogenous feeding, a mixture of finely puréed commercially-
bought lambs’ liver (Marks and Spencer PLC) and ZM-100 fry flakes (ZM Systems) 
was given four times daily from 14 to 47 days from the start of the hatching period.
From day 48, the surviving fry from all families were pooled together according to 
lake of origin and then randomly redistributed into identical, flow-through, cylindrical 
experimental tanks measuring 38.5 cm deep with a 35 cm diameter, two tanks per lake. 
Water was pumped directly from Loch Lomond at ambient temperatures and given a 
moderate directional current, and artificial lighting matched the natural photoperiod for 
this latitude (56°N). Each tank was provided with an airstone and no other ornamenta-
tion. Fish were fed twice a day on a mixture of roughly puréed lambs’ liver (Marks and 
Spencer PLC) and ZM-300 fry flakes (ZM Systems).
Sample collection: juveniles for morphometrics
Fourteen days from the start of the hatching period, 15 alevins randomly selected from 
each of the five largest families (two from Loch Lomond; three from Loch Sloy), which 
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could most easily sustain losses, were euthanised in a benzocaine solution, photo-
graphed individually, in the same orientation, with their left sides facing upwards, on a 
purpose-built photographic stage, with measuring board, using a Canon EOS 35D dSLR 
camera with a Canon EF-S 60 mm f/2.8 Macro lens. On day 120, all surviving fry—12 
originating in Loch Lomond and nine originating in Loch Sloy—were euthanised in a 
benzocaine solution and photographed similarly.
All work described here was conducted under UK Home Office Licence No. PPL 
70/8794 (animal experimentation) and Scottish Natural Heritage licence 103925 (rare spe-
cies collection).
Geometric morphometrics and statistical analysis
Digital images were made into thin plate spline (TPS) files with tpsUtil (Rohlf 2017b). 
Landmarks representing homologous points (Takács et al. 2016) were identified separately 
for alevins (Fig. 1) and fry and adults (Fig. 2), then scale-calibrated and digitised using tps-
Dig2 (Rohlf 2017a). Given their early stage of development and that a yolk sac remained 
at this developmental stage, alevins were landmarked differently from fry and adults. Each 
life stage was analysed separately from the others, as either conditions or landmarks were 
deemed not to be directly comparable. In order to increase sample size, all photographs of 
adults were treated together, regardless of when they were taken, and despite the differing 
numbers of generations since the translocation (four for the earliest photographs through to 
five or six for the later ones).
The package ‘Geomorph’ (Adams et  al. 2019) was used with ‘RRPP’ (Collyer and 
Adams 2019) in R (R Core Team 2019) for all geometric morphometric and multivari-
ate analysis. Confounding variation resulting from fish image size, position and orienta-
tion was reduced with Procrustes superimpositions (Mitteroecker and Gunz 2009). Mor-
phological variation was explored through principal component analyses (PCA) conducted 
for each life stage. Where non-biological lunate distortion was pronounced (sensu Valentin 
et al. 2008), residuals from a regression of the Procrustes coordinates on the affected PC 
were used (Hooker et al. 2016). Effects of log centroid size of individuals on shape, defined 
by Procrustes coordinates, (allometry) were tested at each life stage by population and, in 
the case of alevins, family for homogeneity of slope with a 1000-round randomized resid-
ual permutation ANOVA.
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Fig. 1  Landmarks used for geometric morphometrics analysis of C. lavaretus alevin shape: (1) tip of snout; 
(2–5) superior, inferior, anterior and posterior of eye; (6) dorsal surface perpendicular to (5); (7) anterior of 
yolk sac; (8) deepest point of yolk sac; (9) dorsal surface perpendicular to (8); (10) posterior of yolk sac; 
(11) anus; (12, 13) dorsal and ventral insertions of caudal fin; (14) dorsal posterior of skull. Perpendicular 
alignments between landmarks are indicated with broken lines
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Nested Procrustes ANOVAs were performed with 1000-round randomized residual per-
mutation procedures. To compare whitefish morphologies between lakes of origin, where 
allometric slopes were parallel, a reduced model tested the effect of log centroid size on 
shape (compiled from Procrustes coordinates), and a full model added population as an 
explanatory variable. These models allowed pairwise comparisons of least-squares means 
distances between populations or families. Where slopes were not parallel, the reduced 
model tested the effects of slope and either population or family on shape, while the full 
model added the interaction between either slope and population or slope and family. These 
models allowed pairwise comparisons of slope vectors.
Results
Alevins
After lunate distortion in PC1 was accounted for, the PCA (Fig. 3) showed that alevins with 
high PC1 scores (27.6% PVE) had shallower bodies, longer heads, larger eyes and smaller 
yolk sacs than those with low scores. High PC2 scores (17.2% PVE) revealed deeper bod-
ies and heads, and larger yolk sacs than low scores. Alevins originating from Loch Lomond 
were found to show rather less variation than those from Loch Sloy.
Allometric slopes were parallel between the two lakes of origin (p = 0.172, support-
ing the null hypothesis of parallel slopes). The full model of the Procrustes ANOVA 
showed lake of origin to have a significant effect on alevin shape (F1,72 = 3.527, R2 = 0.049, 
Z = 2.884, p = 0.001), and there was clear differentiation between the Loch Lomond and 
Loch Sloy alevins on the basis of morphology alone (LS means distance = 0.015, Z = 3.662, 
p = 0.001). Characteristically, Loch Lomond alevins had larger yolk sacs and shallower 
bodies compared to those from Loch Sloy, while Loch Sloy alevins showed more pro-
nounced definition to the dorsal posterior of the skull (Fig. 4).
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Fig. 2  Landmarks used for geometric morphometrics analysis of fry and adult C. lavaretus shape: (1) tip of 
snout; (2) posterior of maxilla; (3) anterior of eye; (4) dorsal surface perpendicular to (3); (5) posterior of 
eye; (6, 7) dorsal and ventral surfaces perpendicular to (5); (8) dorsal posterior of skull; (9) anterior inser-
tion of dorsal fin; (10) anterior insertion of adipose fin; (11, 12) dorsal and ventral junctions of caudal fin; 
(13) anterior insertion of anal fin; (14) ventral surface perpendicular to (9); (15) anterior insertion of pec-
toral fin; (16) posterior tip of operculum. Perpendicular alignments between landmarks are indicated with 
broken lines
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At a family level, slopes were not parallel (F4,65 = 2.132, R2 = 0.090, Z = 3.723, 
p = 0.001). Between Loch Sloy families, slopes differed significantly (Table 1). However, 
correlations between the slope vectors of the Loch Lomond families were not significant 
(p = 0.179).
Fry
Fry with high PC1 scores (34.7% PVE) showed, after accounting for lunate distor-
tion, longer heads, jaws and, especially, caudal peduncles than those with low scores. 
Deeper heads and bodies, and more ventrally positioned mouths were characteristic 
of higher PC2 scores (20.5% PVE). Fry originating from Loch Lomond tended more 
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Fig. 3  PCA describing the shapes of whitefish alevins from two families originating from Loch Lomond 
and three from Loch Sloy. Wireframe deformation grids represent extremes along each axis
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Fig. 4  Average shape of whitefish alevins originating in Loch Sloy (black) superimposed upon the average 
shape of those from Loch Lomond (grey). Loch Sloy alevins characteristically exhibited smaller yoke sacs, 
deeper bodies, and more pronounced definition to the dorsal posterior of the skull than the Loch Lomond 
alevins. For clarity, outline differences are exaggerated in scale by a factor of ten
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towards low PC1 and PC2 scores than did those from Loch Sloy (Fig.  5). Allomet-
ric slopes were not parallel (F1,17 = 2.057, R2 = 0.086, Z = 2.127, p = 0.016), and cor-
relations between slope vectors significantly differentiated fry by their lake of origin 
(− 0.506, Z = 2.767, p = 0.005).
Table 1  Pairwise comparisons 
between whitefish alevin families 
originating from Lochs Lomond 
and Sloy: correlations between 
slope vectors, effect sizes (in 
bold), and p values (in italics)
Significant differences are marked with an asterisk
Lomond 1 Lomond 2 Sloy 1 Sloy 2
Lomond 2 − 0.171
1.005
0.179
Sloy 1 − 0.331 0.012
1.742 0.928
0.065 0.181
Sloy 2 0.127 0.012 − 0.469
0.624 1.385 4.019
0.246 0.110 0.005*
Sloy 3 0.328 − 0.043 − 0.150 − 0.363
− 0.511 0.224 1.167 2.052
0.668 0.383 0.149 0.046*
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Fig. 5  PCA describing the shapes of whitefish fry originating from Loch Lomond and Loch Sloy. Wire-
frame deformation grids represent extremes along each axis
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Adults
Lunate distortion was accounted for in the PCA for adults (Fig. 6) at PC1. Whitefish with 
high PC1 scores (20.2% PVE) showed shorter, less tapered heads and jaws, and smaller 
eyes than those with low scores; while high PC2 scores (15.4% PVE) indicated deeper 
heads and bodies, and more ventrally positioned mouths than low scores. Fish caught in 
Loch Lomond tended to higher PC1 scores than did those from Loch Sloy. The allomet-
ric slopes of the two populations were not parallel (F1,161 = 2.211, R2 = 0.013, Z = 2.183, 
p = 0.010), and the pairwise comparison of populations showed clear differentiation in the 
correlation between slope vectors (0.184, Z = 2.248, p = 0.031).
Discussion
The significant differences in morphology seen between adult whitefish from the donor and 
refuge populations (Loch Lomond and Loch Sloy, respectively) in the present study accord 
with those found by Etheridge et al. (2010). This was unaffected by the discrepancies in the 
number of generations since the translocation between the two studies (four for Etheridge 
et al. 2010; and between four and six for the present study). Although heritability of mor-
phological traits was not tested directly, and other explanations are possible and examined 
below, this study suggests that the differences in adult morphology between populations 
are, at least in part, inherited. This is distinct from the suggestion by Etheridge et al. (2010) 
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Fig. 6  PCA describing the shapes of whitefish adults originating from Loch Lomond and Loch Sloy. Wire-
frame deformation grids represent extremes along each axis
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that the differences may largely be due to environmentally induced plastic changes in phe-
notype (sensu West-Eberhard 2005; Ghalambor et al. 2007).
Unfed alevins originating from eggs of whitefish from each of the two lakes, incubated 
in a common environment, showed clear morphological differences from the moment of 
hatching. Fry raised in a common environment, and thus unable to exhibit a differential 
environmental response (Alexander and Adams 2004), also still showed marked differences 
in phenotype depending upon their lake origin. Of course, evidence of the heritability of 
morphological traits presented here does not preclude a role for plasticity in also shaping 
the morphologies of whitefish in these lakes; plasticity may indeed overlay the effects of 
inheritance, and drive further differences during ontogeny (Fusco and Minelli 2010; Par-
sons et al. 2011). However, it is clear that a major driver of the morphological divergence 
between whitefish in the wild from the donor and conservation refuge populations is that of 
inherited differences.
Although not tested directly here, there are several routes through which change through 
inheritance may have arisen during the translocation in Loch Sloy. The first is that the 
observed differences between juveniles from the two populations reared in the common 
garden study may be the result of differing parental effects, in which the parents’ pheno-
types influence those of offspring beyond the direct effects of genes (Räsänen and Kruuk 
2007). This may take the form of gamete provisioning, in which the size, lipid content and/
or fatty acid composition of ova can play a role in eventual alevin phenotype and fitness 
(Wiegand et al. 2007; Johnston 2018; Shaw et al. 2018). Alternatively, transgenerational 
epigenetic effects may be responsible for the divergent phenotypes. Under such effects, the 
environment to which the parents of the offspring used in this experiment were exposed 
may have had a direct epigenetic effect on the offspring in this experiment (True et  al. 
2004; Heard and Martienssen 2014; Spadafora 2018). However, given the small sample 
sizes, particularly of fry, the likelihood of either of these transgenerational possibilities is 
difficult to assess.
Otherwise, it may be genuine functional genetic divergence resulting from differential 
selection pressures in the two lakes, that has resulted in the phenotypic divergence of the 
two whitefish populations. Significant genetic divergence has been seen before in similar 
translocation circumstances: after discounting founder effects and genetic drift, involving a 
closely related coregonid species, vendace (C. albula), this occurred in less than a century 
(Vuorinen et al. 1991). Recently, evidence of at least one private microsatellite allele in the 
Loch Sloy population has been found, which is presumed to have arisen through genetic 
mutation (Præbel et al. 2019). In contradistinction to genetic drift, genes underlying traits 
under selection, whether mutation-order or ecologically mediated, can be rapid, as natural 
selection leads alleles to fixation (Schluter 2009), which would be not observed using neu-
tral markers (c.f. Thompson et al. 2008).
Another possibility is that genetic differences are the result of founder effects resulting 
from the translocation process itself (e.g. Hauser et  al. 1995; Weeder et  al. 2005). This 
would be likely to occur if the genetic diversity of the whitefish used during the transloca-
tion were restricted. However, attention was given to maximise genetic diversity in those 
fish used to create the refuge population (Maitland and Lyle 1992, 2013). Although it does 
not address genes underlying selected traits, the evidence from selection-neutral genetic 
markers is that a very substantive proportion of genetic variation was captured during the 
process of forming the conservation refuge site (Etheridge et al. 2010; Præbel et al. 2019). 
Therefore, it seems unlikely that founder effects are wholly responsible for the differences 
described here, although they cannot be entirely discounted.
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Similarly, genetic drift is also unlikely to be a major driver of the differences 
described here, although, again, this cannot be entirely discounted, as genes underlying 
traits under selection have not been investigated. There is, however, evidence of only a 
very small loss of allelic richness in the Loch Sloy population compared to that of Loch 
Lomond using selection-neutral markers (Thompson et  al. 2008). The time has also 
been rather short for a non-selective process to act: only five or six generations since the 
translocation over which drift might have had an effect (Brown et al. 1991), thus making 
drift as the sole explanation also unlikely.
Because an exact replication of the environmental conditions of the donor lake in 
the refuge site is, in practice, impossible (Etheridge et  al. 2010), it is reasonable to 
suppose that there is at least some differential selection pressure exerted on the two 
whitefish populations, and that the resultant genetic responses may be adaptive. It has 
been repeatedly noted that differing foraging habitats, particularly those across benthic 
to pelagic niches can stimulate adaptive phenotypic responses in many species of fish 
in recently glaciated lakes (e.g. Smith and Skúlason 1996). Morphology, especially, 
correlates strongly with diet (Adams and Huntingford 2002; Kahilainen and Østbye 
2006; Østbye et al. 2005). The transgenerational traits of Loch Lomond whitefish such 
as a slender head and narrower body are associated with a pelagic feeder (Etheridge 
et al. 2012), and Loch Lomond whitefish are known to feed primarily on zooplankton 
in the pelagic (Pomeroy 1991). In contrast, the more robust head and body of Loch 
Sloy whitefish are more characteristic of benthic feeders (Parsons and Robinson 2007; 
McPhee et  al. 2012). Together, divergent morphologies along the benthic and pelagic 
habitats are consistent with whitefish in the two lakes exploiting different niches that, in 
turn, result in different selection pressures on each population.
Such a divergence of the refuge from the donor population has considerable conse-
quences for conservation translocations. The raison d’être of a conservation refuge is 
to protect the potential diversity of the donor population to the extent that members of 
the refuge population could be reintroduced to the original site without a reduction in 
fitness (Stockwell et  al. 1996; Moritz 1999; Etheridge et  al. 2010). The findings here 
suggest that this goal is likely to be significantly eroded. Had the morphological dif-
ferences of the Loch Sloy whitefish compared to those from Loch Lomond been just 
the result of plastic responses of the refuge population to a new environment (sensu 
West-Eberhard 1989), then such conservation aims would not be impaired (Etheridge 
et al. 2010), assuming no further evolutionary change in the donor population. However, 
significant evolutionary divergence between donor and refuge populations, through 
whatever mechanism, undermines the validity of a refuge conservation approach. This 
study demonstrates that it may not be possible to initiate a conservation translocation 
into another habitat, no matter how carefully executed, without the possibility of induc-
ing directional selection on the translocated population, thereby affecting its phenotypic 
and/or genetic diversity, as it establishes in the refuge.
A final surprising element of this study was the differences in morphology between 
individual families of alevins, particularly among those originating in Loch Sloy. They 
may represent differential phenotypic responses to a new environment, potentially with 
alternative resources that effect disruptive selection (Skúlason and Smith 1995; Robin-
son and Parsons 2002; Crispo et al. 2006). However, the greater variance found amongst 
the Loch Sloy alevins was at odds with predictions that larger, more heterogeneous eco-
sytems, such as Loch Lomond, should harbour greater phenotypic variety (Recknagel 
et al. 2017). Of course, this could simply be due to natural population variance. In any 
545Evolutionary Ecology (2019) 33:533–548 
1 3
case, with only five families sampled incipient resource polymorphism must remain, for 
now, merely a hypothesis for future study.
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